Virus infection of susceptible host cells activates the transcription of many cellular genes, including the interferons (IFNs), that are involved in antiviral defense, cell growth regulation, and immune activation. IFNs represent a group of cytokines with the unique ability to establish an antiviral state in cells through the expression of many IFN-stimulated genes (ISGs). A number of these ISGs encode intracellular enzymes, the best known of which is a protein kinase (PKR). Although induced by IFN, PKR remains inactive unless cells also produce excess double-stranded RNA (e.g., as a result of viral infection). Activated PKR modifies and inactivates eukaryotic initiation factor 2␣, a key component of the eukaryotic translational apparatus, leading to the shutoff of viral protein synthesis (9) . IFNs also induce 2Ј5Ј oligoadenylate synthetase (30) , which, together with RNase L, results in accelerated RNA degradation and thus also an inhibition of protein synthesis. In addition, IFNs down-regulate the cell cycle (45) and induce a proapoptotic state in cells (3) as well as up-regulate the surface expression of class I major histocompatibility complex (MHC) molecule, thereby enhancing peptide presentation to T cells (27) .
The biological activities of IFNs are initiated by the binding of IFN-␣/␤ and IFN-␥ to their cognate receptors, which results in the activation of distinct but related signalling pathways. IFN-␣/␤ signal via receptor-associated tyrosine kinases, Jak1 and Tyk2, that phosphorylate and activate the signal transducers and activators of transcription, STAT1 and STAT2. Upon phosphorylation, STAT1 and STAT2 form heterodimers which translocate to the nucleus, where they associate with the DNAbinding protein p48 to form interferon-stimulated gene factor 3 (ISGF3). ISGF3 binds IFN-stimulated response elements (ISREs) to drive the expression of IFN-␣/␤ regulated genes. Similarly, IFN-␥ signals via receptor-associated tyrosine kinases, Jak1 and Jak2, mediating phosphorylation and activation of STAT1 but not STAT2. STAT1 homodimers form the active transcription complex, gamma-activated factor (GAF) which bind to gamma-activated sequence (GAS) elements in regulatory regions of IFN-␥-inducible genes. Since STAT1 is also activated by IFN-␣/␤, the GAS complex can be formed in response to IFN-␣/␤. Thus, Jak1 and STAT1 are the common components of IFN-␣/␤ and IFN-␥ signal transduction pathways (for a review, see reference 43) . The STAT1 gene contains multiple exons which encode two forms of STAT1 (37) . STAT1␣ (91 kDa) is 750 amino acids in length; STAT1␤ (84 kDa) is the product of a differentially spliced mRNA which encodes a protein of 712 amino acids (37, 50) . Both forms are known to be phosphorylated on a single residue, Tyr-701, allowing their dimerization and translocation to the nucleus to bind DNA (40, 41) . However, STAT1␣ is the only transcriptionally active form of STAT1 since STAT1␤ lacks the 38 C-terminal amino acids containing the known transcriptional activation domain (24, 37) . For maximal transcriptional activity, STAT1␣ must also be phosphorylated on Ser-727 (49), a residue that is missing in STAT1␤.
For most known IFN-induced antiviral activities, there are examples of virally encoded gene products that antagonize their effects. Viral products that specifically inhibit PKR, block or down-regulate MHC class I expression, stimulate cell division, inhibit apoptosis, or act as decoy MHC-like molecules to prevent NK cell activation have been described (31, 39, 42) . To date, there are few examples of viruses inhibiting transcriptional responses to IFNs; certain poxviruses secrete soluble IFN receptor proteins which block the IFN-␥ responses (47) ; similarly, vaccinia virus encodes a soluble IFN-␣/␤ receptor (44) . Other viruses have been shown to block transcriptional responses by altering the levels or function of critical components of the signalling pathways. For example, the E1A product of adenovirus has been described as having the ability to block IFN responses by interfering with transcription (19) , and Look et al. (20) have shown that the adenovirus E1A protein can directly suppress STAT1 function. It has also been demonstrated that the K9 open reading frame of human herpesvirus 8 can block transcriptional responses to IFN-␣/␤ and IFN-␥ (52), and there is evidence that human cytomegalovirus alters Jak1 levels, thereby disrupting the IFN-␣/␤ and IFN-␥ signalling pathways (23) . It has also been noted that there are decreased levels of STAT1␣ in cells persistently infected with mumps virus (51) .
We have previously demonstrated that the paramyxovirus simian virus 5 (SV5) blocks IFN-␣/␤ signalling in human but not murine cells (6) , thereby defining a host cell constraint which may prevent SV5 from crossing species barriers and causing disease in mice. Here we extend these findings by showing that SV5 can also block IFN-␥ signalling in human cells and identify both the cellular target and the viral protein responsible for this inhibition.
SV5 is an enveloped virus with a nonsegmented, negativesense RNA genome. The single-stranded genome encodes eight proteins: the nucleocapsid protein (NP), V protein (V), phosphoprotein (P), matrix protein (M), fusion protein (F), small hydrophobic protein, hemagglutinin-neuraminidase protein, and large polymerase protein (for a review of paramyxoviruses and their replication, see reference 17). P and V are both structural proteins and are encoded by a single gene. They share the same 164 N-terminal amino acids but have unique C termini. The C terminus of V is cysteine rich, binds two atoms of zinc per molecule (28) , and is highly conserved among paramyxoviruses. V mRNA is a faithful transcript of the P/V gene, but P mRNA contains two additional nontemplated G residues (46) , specifically inserted by the viral RNA polymerase stuttering during transcription of the gene (48) , which alters the reading frame of the mRNA. Although it is known that P is part of the virus-encoded polymerase complex, the roles of V in virus replication and pathogenesis are unclear. It appears to be dispensable for virus replication in tissue culture cells, but it is essential for virus pathogenesis in Sendai virus (SeV) (5, 13) . The V protein of SV5 has also been shown to bind soluble but not polymeric forms of NP (33) , and also to bind to the cellular UV DNA damage binding protein (21) . Here we demonstrate that the V, but not the P, protein of SV5 also blocks IFN signalling by targeting STAT1 for proteasomemediated degradation.
MATERIALS AND METHODS
Cell culture and virus infections. Human diploid fibroblast 2fTGH cells (29) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (growth medium). SV5 (strain W3 [4] ) and recombinant Semliki Forest virus (SFV) infections were performed at a multiplicity of infection (MOI) of 10 in DMEM containing 2% fetal bovine serum (maintenance medium) and in reduced-serum medium (Opti-MEM; Gibco-BRL), respectively. After an adsorption period of 1 to 2 h, the inoculum was removed and replaced with maintenance medium. Cells were treated with either recombinant human IFN-␣A/D (rHuIFN-␣A/D [34] ) or human IFN-␥ (catalog no. 80-3348-01; Genzyme Diagnostic) added to maintenance medium at 1,000 IU/ml. For proteasome inhibitor experiments, 2fTGH cells in 6-or 24-well plates were mock infected or infected with SV5 or recSFV in medium containing 0.2% dimethyl sulfoxide (DMSO) that had or had not been supplemented with either 10 M MG132 or 10 M lactacystin (catalog no. PI-104; BIOMOL Research Laboratories Inc.). After a 1-to 2-h adsorption period, the medium was removed and replaced with maintenance medium supplemented with 0.2% DMSO or 0.2% DMSO containing 10 M MG132 or lactacystin, and cells were incubated for a further 6 h. In experiments monitoring IB␣ degradation, cells then were or were not treated with tumor necrosis factor alpha (TFN-␣) at 10 ng/ml. At 8 h postinfection, (p.i.), the cell monolayers were washed twice in phosphate-buffered saline (PBS) and lysed directly in sodium dodecyl sulfate (SDS)-gel loading buffer (0.05 M Tris-HCl [pH 7.0], 0.2% SDS, 5% 2-mercaptoethanol, 5% glycerol).
Immunoblotting. At the time of harvest, cells were washed twice in PBS, scraped in SDS-gel loading buffer, and boiled for 5 min. Proteins were separated by electrophoresis through SDS-7.5% polyacrylamide gels, transferred to nitrocellulose membranes, and detected with specific antisera, including a polyclonal anti-STAT1 antibody raised against the N-terminal 194 amino acids, a monoclonal antibody (MAb) reactive to the C terminus of STAT1, and a MAb to the N-terminal region of STAT2 (catalogue no. G16930, S21120, and S21220, respectively; Transduction Laboratories) and polyclonal antibodies to either phosphotyrosine (701) STAT1 or phosphoserine (727) STAT1 (catalogue no. 06-657 or 06-802, respectively; Upstate Biotechnology). Unless otherwise stated, STAT1 was detected with an antibody to the N terminus of STAT1. It should also be noted that antibodies raised against both the N and C termini of STAT1 (G16930 and S21120, respectively) react with STAT1␣ and STAT1␤. IB␣ was detected with the MAb 10B (12) . All protein-antibody interactions were detected by enhanced chemiluminescence using horseradish peroxidase-conjugated sheep anti-mouse or donkey anti-rabbit immunoglobulin G (Amersham International Ltd., Little Chalfont, United Kingdom).
Plasmid DNAs. The IFN-␣/␤-responsive plasmid, p(9-27)4tk⌬(Ϫ39)lucter, contained four tandem repeat sequences of the ISRE from the IFN-inducible gene 9-27 fused to the firefly luciferase gene (16) ; the IFN-␥-responsive plasmid, p(GAS)2tk⌬(Ϫ39)lucter, contained a minimal thymidine kinase (TK) promoter and two tandem repeat sequences of the IRF-1 GAS site fused to the luciferase gene (16) . pJATlacZ, a plasmid used as a transfection standard, contains a ␤-galactosidase gene under the control of the rat ␤-actin promoter (22) .
To construct pEF.SV5-P and pEF.SV5-V vectors, SV5 P and V cDNA sequences were obtained from pGEM3 expression plasmids into which the P and V genes had been originally cloned (32) . The cDNAs were inserted between the NcoI and XhoI sites of the EF1a promoter vector, pEFlink2 (a kind gift from R. H. Treisman, Imperial Cancer Research Fund).
Transient transfections. Monolayers of 2fTGH cells grown in 24-well plates to 50 to 70% confluence were transfected with 0.5 g of DNA and 2 l of Lipofectamine (Life Technologies Inc.) according to the manufacturer's instructions. After 16 h, the cells were or were not infected with SV5 and induced with 1,000 IU of rHuIFN-␣A/D per ml at 24 h p.i. Four hours after induction by IFN, cells were harvested and assayed for luciferase and ␤-galactosidase activity as described previously (15) . Relative expression levels were calculated by dividing the luciferase values by the ␤-galactosidase values. The experiments were repeated several times with equivalent results.
Electrophoretic mobility shift assay (EMSA). Whole-cell extracts (25) were prepared from mock-infected or SV5-infected cells that had or had not been treated with rHuIFN-␣A/D for 1 h prior to harvesting at 24 h p.i. Protein-DNA complexes were formed by incubating 10 g of protein for 15 min at 30°C with 1 ng of probe (labelled with [a 32 P]dATP by filling in the GATC 5Ј overhangs with Klenow enzyme on the otherwise double-stranded oligonucleotides 5Ј AGG AAATAGAAACTG 3Ј [ISRE] , or 5Ј TGATTTCCCCGAAATG 3Ј [GAS]) in a 20-l reaction mixture containing 20 mM Tris (pH 8.0), 12% glycerol, 2 mM MgCl 2 , 0.6 mM dithiothreitol, and 375 ng poly(dI-dC) ⅐ poly(dI-dC). Complexes were resolved on 6% native polyacrylamide (1:30 bisacrylamide/acrylamide) gels in 0.5ϫ Tris-borate-EDTA, and the dried gels visualized by autoradiography.
RESULTS
SV5 prevents the formation of ISGF3 and GAF complexes in human cells. Using luciferase reporter assays, we previously demonstrated that SV5 blocked IFN-␣/␤ signalling in human cells (Fig. 1a) but not murine cells (6) . Using a similar approach, we show here that SV5 also blocks IFN-␥ signalling in human cells (Fig. 1b) but not in murine cells (data not shown). To determine whether SV5 inhibition of IFN-␣/␤ and IFN-␥ signalling in human cells reflected an inability to form the transcription complexes ISGF3 and GAF, EMSAs were performed. In contrast to the induction of ISGF3 and GAF complexes in mock-infected cells treated with IFN, no ISGF3 and GAF complexes were detected in the SV5-infected cell extracts ( Fig. 1c and d, respectively) . (ISGF3 and GAF complexes were readily detected in SV5-infected murine cells in the presence of IFN [data not shown].)
Proteasome-mediated degradation of STAT1 in SV5-infected cells. Since STAT1 is the only common component of ISGF3 and GAF complexes, the levels of STAT1 in mock-or SV5-infected human cells were examined by immunoblot blot analysis using antibodies reactive to either the C (Fig. 2a) or N  (Fig. 2b) terminus of STAT1. Although STAT1 was readily detectable in mock-infected cells (Fig. 2a and b) , no STAT1 was detected in SV5-infected cells (Fig. 2a and b) . (It should be noted that both STAT1␣ and STAT1␤ were degraded in SV5 infected cells. The lower prominent band in Fig. 2b and subsequent figures is not STAT1␤ [see the legend to Fig. 2] .) Immunoblot analysis using antisera reactive against the phosphotyrosine (701) and phosphoserine (727) forms of STAT1 showed that phosphorylated forms of STAT1 were also de-graded in SV5-infected cells (data not shown). In contrast, the levels of STAT2 were comparable in mock-and SV5-infected cells (Fig. 2c) .
No obvious degradation products of STAT1, such as those that might be expected for a sequence-specific endoprotease such as a caspase (16) , were visible in the immunoblots of SV5-infected cells. The failure to observe breakdown intermediates suggested that the proteins were being degraded by a processive protease such as is seen for proteasome-mediated degradation. To test this, the levels of STAT1 were examined in cells treated with the proteasome inhibitors MG132 and lactacystin (potent and structurally unrelated inhibitors of proteasome action [8, 26, 35] ). These results (Fig. 3a) clearly showed that in SV5-infected cells, STAT1 was degraded in the absence of MG132 (lanes 2 and 3); however, this effect was blocked by MG132 treatment (lanes 4 and 5). In the same experiment, MG132 also prevented TNF-␣-induced degradation of IB␣ ( Fig. 3b; compare lanes 3 and 5) , demonstrating that the inhibitor was effective at blocking proteasome-mediated degradation processes (1, 36) . Lactacystin also inhibited the degradation of STAT1 in SV5-infected cells (data not shown).
The V protein of SV5 targets STAT1 for proteasome-mediated degradation. We previously constructed a number of SFV vectors, including those that expressed the fusion (F) or V proteins of SV5. To determine whether either of these proteins might be responsible for the observed degradation of STAT1, we infected cells (at a high MOI) with these viruses or a virus that expressed ␤-galactosidase and estimated the levels of STAT1 by immunoblot blot analysis (Fig. 4a) . Negligible levels of STAT1 were present in cells infected with a recombinant SFV that expressed the V protein of SV5 (recSFV/V; Fig. 4a,  lane 4) . In contrast, levels of STAT1 similar to that observed in mock-infected cells (Fig. 4, lane 1) were present in cells infected with a recombinant SFV that expressed either the SV5 F protein (recSFV/F) (lane 2) or ␤-galactosidase (recSFV/ lacZ) (lane 3). 3 and 4) . The proteasome inhibitor MG132 (10 M) was (lanes 2 and 4) or was not (lanes 1 and 3) added to the culture medium at the time of infection. At 8 h p.i., cells were harvested and levels of STAT1 were estimated by immunoblot analysis.
To confirm that the mechanism of degradation of STAT1 induced by the V protein of SV5 was the same as that observed in SV5-infected cells, the levels of STAT1 were examined in cells treated with the proteasome inhibitor MG132. These results demonstrated that MG132 inhibited the degradation of STAT1 in cells infected with recSFV/V ( Fig. 4b; compare lanes  3 and 4) . In the same experiment, no degradation of STAT1 was observed in cells expressing either SV5 F or the ␤-galactosidase proteins in the presence or absence of the inhibitor (data not shown).
The first 164 N-terminal amino acids are common between the V and P proteins of SV5, but V and P possess unique C termini. It was therefore important to ascertain whether P could also block IFN signalling. To address this question, we cloned the P and V genes into the EF1␣ promoter vector pEFlink2 and measured the ability of the expressed proteins to block the activation of the IFN-␣/␤-responsive plasmid. It can clearly be seen from Fig. 5 that expression of P and V had no effect on the TK control promoter (Fig. 5a) . However, V, but not P, blocked activation of the IFN-␣/␤-responsive promoter (Fig. 5b) .
Infecting virus can induce the degradation of STAT1 in the absence of virus protein synthesis. Since the V protein is a structural component of the SV5 virion, it was of interest to determine how quickly STAT1 disappeared following SV5 infection and whether virus protein synthesis was required. In a time course experiment following infection of cells at a high MOI (10 PFU/cell), there was a significant reduction in the amount of STAT1 by 4 h p.i. and complete loss of STAT1 by 8 h p.i. (Fig. 6a, lanes 4 and 5, respectively) . In contrast, STAT2 levels remained constant throughout the experiment (data not shown). Furthermore, immunofluorescence analysis and immunoprecipitation of 35 S-labelled polypeptides showed that little virus protein synthesis had occurred by 4 h p.i. (data not shown), suggesting that STAT1 might be degraded in the absence of virus protein synthesis. To determine whether this was the case, cells were infected with SV5 that had been inactivated by UV light such that the virus could no longer synthesize detectable amounts of virus proteins. These results demonstrated that UV-inactivated virus also induced the degradation of STAT1 (data not shown; see also Fig. 6b) .
To determine how long it took cells to recover normal levels of STAT1 in the absence of virus protein synthesis, cells were infected with UV-inactivated virus and harvested at various times p.i., and levels of STAT1 were estimated (Fig. 6b) . At 3 days p.i., STAT1 protein levels remained negligible (Fig. 6b , lane 5), and it took up to 4 days before substantial levels of STAT1 could be detected (Fig. 6b, lane 6) .
The finding that virus (and cellular) transcription and protein synthesis were not required for the degradation of STAT1 in SV5-infected cells was confirmed by using actinomycin D and cycloheximide, inhibitors of transcription and protein synthesis, respectively. The levels of STAT1 in untreated mockinfected cells (Fig. 7a) were similar to that in mock-infected cells treated with either actinomycin D or cycloheximide for 8 h (Fig. 7a) , thereby demonstrating that there is a slow turnover of STAT1 in uninfected cells. In contrast, STAT1 was rapidly degraded in SV5-infected cells that had or had not been treated with actinomycin D or cycloheximide throughout the infection (Fig. 7b) .
STAT1 is degraded in IFN-pretreated cells by infecting virus. Pretreatment of cells with IFN delays the onset of virus protein synthesis until between 24 and 48 h p.i., compared to about 8 h p.i. in untreated cells (6) . One explanation for this delay would be that pretreatment of cells with IFN induced an antiviral state which efficiently inhibited virus replication. However, in the absence of continued IFN signalling (due to the degradation of STAT1 by infecting virus), the antiviral state in these cells was not maintained, thus permitting the infecting virus to eventually replicate. Consistent with this model, infection with SV5 induced the degradation of STAT1 in IFN-pretreated cells. It can be seen from than in untreated cells ( Fig. 8; compare lanes 1 and 2) . Nevertheless, in IFN-pretreated cells that had been infected with SV5, only small amounts of STAT1 were detected at 6 h p.i., and no STAT1 was detected at 24 h p.i. (Fig. 8, lanes 4 and 6,  respectively) .
DISCUSSION
The potential effectiveness of the IFN response, if not blocked, can be judged by the rapid switch-off of SV5 protein synthesis in murine cells following the induction of IFN (SV5 does not block IFN signalling in murine cells [6] ). In contrast, human cells infected with SV5 can no longer respond to IFN and thereby switch off virus protein synthesis once it has been established (6) . In this report, we show that SV5 specifically targets STAT1 for proteasome-mediated degradation in human (but not murine) cells, thereby blocking both type I and type II IFN signalling by inhibiting the formation of the ISGF3 and GAF transcription complexes. We also demonstrate that SV5 can induce the degradation of STAT1 in human cells that have entered an antiviral state, and this may be of significance in terms of virus pathogenesis. Presumably, in the absence of continued signalling (due to a loss of STAT1), cells cannot remain in an antiviral state and suppress virus replication indefinitely. Thus there must be competition between intracellular virus remaining viable and cells resynthesizing sufficient levels of STAT1 to be able to respond to IFN and thus maintain their antiviral state.
There are clearly many potential advantages for SV5 in blocking both type I and type II IFN signalling. For example, in addition to blocking the autocrine effect of IFN-␣/␤ secreted from infected cells, SV5-infected cells would be insensitive to both IFN-␣ and IFN-␥ released by activated leukocytes and T cells. Furthermore, as IFN can act as a leukocyte-activating cytokine, increasing NK cell activity and acting as a growth factor for memory CD8 ϩ T cells, in the event of SV5 infection of these cells, cellular immune responses may be adversely affected. The fact that SV5 can lead to the degradation of STAT1 in the absence of virus protein synthesis may compound this situation. Furthermore, since V is a structural protein associated with the nucleocapsids of the virion (ϳ350 molecules per virion [28] ), defective virus particles may also contribute to any effects observed.
Several properties have been ascribed to V, including its interaction with both viral NP (33) and cellular (21) proteins. However, it is clear that the interaction of V with NP is not required for either its ability to block IFN signalling or the targeting of STAT1 for proteasome-mediated degradation. Thus, it remains likely that V is a multifunctional protein with a number of independent roles in SV5 replication and pathogenesis. Whether the V protein of other members of the Paramyxovirinae family play exactly the same roles as that performed by the V protein of SV5 remains to be established but seems unlikely. Thus, while this report was under review, Garcin et al. (9a) reported that it was the C proteins of SeV, and not V, that counteract the IFN-induced anti-viral state (SV5 and other rubulaviruses do not encode the C proteins). Since we had previously reported that SeV also blocks IFN signalling (6) , it is probable that the molecular mechanisms employed by SeV and SV5 to block the IFN signalling differ in detail. Indeed, it remains to be elucidated exactly how the V protein of SV5 targets STAT1 for proteasome-mediated degradation. V may interact directly with STAT1 and thereby somehow target it for ubiquitination and degradation. Alternatively, V may activate a normal cellular pathway involved in STAT1 turnover. In this respect, it is of note that Kim and Maniatis (14) reported that activated (phosphorylated) STAT1 is degraded by a ubiquitin-proteasome pathway. However, there is some debate as to whether dephosphorylation/nuclear import mechanisms are more important mechanisms of down-regulation of STAT1 than proteolytic degradation (10, 18) . The key import mechanisms are more important mechanisms of down-regulation of STAT1 than proteolytic degradation (10, 18) . The key difference in the observations reported here is that both phosphorylated and nonphosphorylated forms of STAT1 are degraded in SV5-infected cells.
There are other examples of viruses targeting cellular proteins for proteasome-mediated degradation. The E6 and E7 proteins of human papillomaviruses target p53 and pRB, respectively, for proteasome-mediated degradation (2, 11, 38) . Disruption of nuclear structures known as ND10, or PML nuclear bodies, that have been implicated in a number of cellular processes (e.g., response to stress and IFNs, oncogenesis, and viral infection) also occurs during herpes simplex virus infection by a proteasome-dependent process (7) . Thus, the targeting of important cellular control proteins for proteasome-mediated degradation may be a general mechanism employed by viruses to usurp cellular pathways.
